Japanese plant-based fermented products such as miso (soybean paste), tsukemono (salted pickles), and nattô (fermented soy bean) are regarded as affording health benefits conferred by the functional micro-organisms they contain. [1] [2] [3] [4] A Japanese sugar-vegetable spontaneously fermented beverage called kôso, which is made of a wide-ranging mixture of vegetables (or fruits) and sugars, has attracted a great deal of attention in the last few decades. Kôso is the Japanese word for "enzyme," and the drink was named as such based on the concept of food enzymes as advocated by Dr. Edward Howell and Noboru Ohtaka in the 1930s. 5, 6) Kôso is also known as a plant-based fermented extract; however, the precise details of its history are not clear. It has a distinctive sweet taste due to its high sugar content. In some crude kôso products, the concentration of sugar reaches 50% (w/w) or more. Kôso is reported to have a range of biological functions, including anti-oxidative activity and a protective effect on ethanol-induced damage in rat gastric mucosa.
7) It has also been found to contain several novel saccharides that are produced during the fermentation carried out by yeast and lactic acid bacteria (LAB). 8) Due in part to increasing preoccupation with health and rising standards of living, the demand for vegetarian probiotic products is increasing in both the developed and developing countries. Numerous plant-based fermented foods have been reviewed as potential sources of probiotics. [9] [10] [11] However, foods that are host to a wide spectrum of microbial communities, such as kôso, have not been much studied. The diversity and content of micro-organisms in kôso vary according to the raw materials employed, as no starter is added during the fermentation. A complex microbial community develops during the fermentation process and the final product quality would therefore seem likely to vary accordingly. 12, 13) However, the fermentation of kôso appeared to be generally stable, even when some of the vegetables used vary with the seasons.
Changes in the overall structure of the microbial community during fermentation, which remain unclear, is relevant for quality control of the final product. Although it has in the past proved difficult to analyze entire microbial communities, recent advances in nextgeneration sequencing (NGS) technologies have made it possible to analyze communities containing unculturable and hard-to-culture bacteria. 14) Since bacteria are generally regarded as playing the major role in fermented vegetable products, 10) we focused on analyzing bacteria rather than Archaea or fungi. NGS technology-454 pyrosequencing-was employed to examine the time-dependent changes in the overall structure of the bacterial community in kôso during a 10-day fermentation period. A modified PCR primer set for the 16S rRNA gene V1-V2 region with barcoded tags was used to improve the quantitative accuracy of the analysis of bacterial community structure. 15) Phylum, genus, and species-level analyses were performed to evaluate the bacterial composition of the community.
Materials and methods
Starting materials for kôso fermentation. The starting material for kôso was prepared using 12 kinds of green vegetables, 7 kinds of root vegetables, 3 kinds of mushrooms, and 3 kinds of saccharides, with a total weight of 1.7 tons ( Table 1) . The vegetables, which had been cultivated without the use of pesticides, were purchased from various districts in Japan. Spontaneous fermentation was carried out in a stainless steel cylindrical tank measuring 1.49 m in both diameter and height. All the operations were carried out in a workshop maintained at 25°C by central air conditioning. Before starting the fermentation, all the vegetables were washed and randomly cut into pieces, and the tank was sterilized with steam. After addition of 50% (w/w) saccharides and covering with a lid, a syrup was formed within 4 h. The juices contained in the vegetables were subsequently extracted by osmotic pressure.
On days 0, 3, 7, and 10, the fermented liquid was stirred and an approximately 1-liter sample was collected via a sampling valve at the bottom of the tank. The pH and ºBrix values were immediately measured. The sample collected 4 h after the addition of all substrates was designated as the zero-day sample. The samples were stored at −20°C until DNA preparation. Two independent batches were prepared, one week apart. Two additional samples of 45-and 92-day fermented beverages from the different batches were prepared from each, using the same methods.
Preparation of bacterial DNA samples. The preparation of DNA samples from bacterial communities was performed according to the method previously described, with some modifications. 16) Ten milliliters of the fermented liquid was mixed with 20 mL of phosphate-buffered saline buffer (pH 7.4) and filtered via a cell strainer (100 μm, TGK, Tokyo, Japan). The filtrate was then centrifuged at 9000 × g for 10 min and the bacterial pellets harvested after disposal of the supernatant. Appropriate amounts of bacterial pellets and 0.3 mL of freshly prepared lysozyme (Sigma-Aldrich, Tokyo, Japan) in aqueous solution (150 mg/ mL) were mixed and suspended in 2.4 mL of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The mixture was placed in a 37°C water bath for 60 min. Sixty microliters of Achromopeptidase (Wako Pure Chemical Industries, Osaka, Japan) in TE buffer (100,000 unit/ mL) were then added to the mixture, and the mixture was further kept at 37°C for 30 min. Next, 90 μL of Proteinase K (Merck, Tokyo, Japan) solution (33.3 mg/ mL) was added to the mixture, followed by 150 μL of sodium dodecyl sulfate (SDS; Sigma-Aldrich) solution (200 mg/mL) in TE buffer, and the mixture was kept at 55°C for 60 min. Three mL of phenol/chloroform/isoamyl alcohol solution (ratio 25:24:1; Sigma-Aldrich) was then added to the mixture. Following vigorous agitation, the mixture was centrifuged at 12,000 g for 30 min. The supernatant (approximately 2 mL) was collected and 0.2 mL of 3 M sodium acetate solution (Wako) and 2.2 mL of isopropyl alcohol (Wako) was added and the mixture centrifuged (12,000 g, 4°C, 15 min). The pellet was twice rinsed in 3 mL of 75% ethanol and then freeze-dried (VC-36 N centrifugal concentrator, VA-250F freeze trap, Taitec, Saitama, Japan; GCD-051X vacuum pump, Ulvac Kiko, Miyazaki, Japan). The pellet was resuspended in 200 μL of TE buffer and then treated with 2 μL of RNase solution (Nippon Gene, Tokyo, Japan) at 37°C for 15 min. A 20% (w/w) poly (ethylene glycol) (average molecular weight of 6000 Da, Sigma-Aldrich) and 2.5 M NaCl solution (200 μL) was added to the mixture, which was then placed in an ice bath for 10 min. The resultant RNA-free DNA was pelleted by centrifugation (15,000 g, 4°C, 10 min), freeze-dried, and stored at -80°C until analysis.
454 barcoded pyrosequencing of the 16S rRNA gene.
Hypervariable regions (V1-V2) of the 16S rRNA gene were PCR-amplified using universal primers (27Fmod and 338R), after which multiplexed amplicon pyrosequencing was carried out using a 454 GS FLX Titanium or 454 GS Junior (Roche Applied Science), as previously described.
15)
Analysis for 454 barcoded pyrosequencing of 16S PCR amplicons. After multiplexed sequencing of the 16S amplicons, sequences were assigned to samples on the basis of their barcode sequence. Reads with an average quality value of <25 and inexact matches to both universal primers were filtered out. Reads assigned to eukaryotes according to the database were removed (Supplementary Table S1 ). After trimming both universal primer sequences, 2200 reads were randomly selected from each sample and subjected to downstream analysis. All 2200 filter-passed sequences obtained from each sample were deposited in DDBJ/ GenBank/EMBL under the accession numbers DRX036381-036388 and DRX037484-037485.
Operational taxonomic unit.
The 2200 filterpassed reads of 16S sequences were clustered into operational taxonomic units (OTUs) using the UCLUST program (www.drive5.com) with a 96% pairwise-identity cut-off. To assign taxonomy to OTUs, representative sequences of each OTU were classified using the FASTA program (github.com/wrpearson/fasta36) employing the database (Ribosomal Database Project v. 11.3) (rdp.cme.msu.edu). Rarefaction curves were constructed using Analytic Rarefaction Version 2. 1 software (www.huntmountainsoftware.com) and Good's coverage was calculated using the equation given by C = 1 − n/N, where C is Good's coverage, n is the number of unique OTUs, and N is the number of reads in the sample.
17)
UniFrac distance analysis.
The dissimilarity between the two communities was determined by UniFrac distance analysis, which is based on the fraction of branch length shared between two communities within a phylogenetic tree constructed of 16S rRNA sequences. 18) The qPCR experiments were also carried out to test quantitative accuracy using an artificial bacterial community.
15) The obtained UniFrac distances were then analyzed using principle coordinate analysis (PCoA).
Phylogenetic tree and annotated heatmap. A phylogenetic tree of OTUs was constructed using Molecular Evolutionary Genetics Analysis Version 6 (MEGA6) software, 19) and which was heatmap-annotated using Interactive Tree Of Life (iTOL) software.
20)

Results
Kôso fermentation
The fermentation of kôso occurred spontaneously, without the addition of any starter, due to the presence of wild micro-organisms such as LABs and yeasts present in the raw materials. 21) Lactic acid produced by the LABs appeared to be the main contributor to the drop in pH during fermentation (Fig. 1) . 13) Initially, the pH was 5.5-5.6, but it decreased by 0.3 pH units in the first three days. In the following four days, the pH fell to around 4 and then remained relatively constant over the remaining three days. The Brix value decreased by around 3°in the first three days, and then decreased more slowly, by 0.55°-1.05°, over the following seven days. The reproducibility of both pH and ºBx was observed over 10-day fermentation in both independently fermented batches.
OTU analysis
Eight DNA samples prepared from the two batches (designated "Batch A" and "Batch B") were analyzed. We obtained around 6600-17,000 reads of the 16S rRNA gene V1-V2 region from the eight samples (Supplementary Table S1 ). From these, the qualitatively filter-passed reads (average quality value ≥25) were selected, of which 34-55% were found to belong to non-eukaryota. The 2200 non-eukaryotic reads for each sample were used for the OTU clustering with a 96% identity cut-off. The rarefaction curves (Supplementary Figure S1 ) of all the samples showed a slight plateau, except the zero-day ones. The slope of the 0-day curves was steeper than the slope of the curves obtained from the 3-, 7-, and 10-day samples, which suggests that greater numbers of OTUs are expected in the 0-day samples. Good's coverage was high (>97%, Supplementary Table S2 ) for all of the samples, suggesting that the sampling effort was sufficient.
As shown in Fig. 2 , more than 100 OTUs were detected in the 0-day fermentations in both batches. The population of OTUs drastically decreased in the first three days, with those observed in the 7-and 10-day fermentations being similar to those in the 3-day fermentation. In total, 224 OTUs were generated from the eight samples. The two batches showed similar changes in bacterial richness during the spontaneous fermentation process. 
Analysis of phylum-level composition
Changes in the relative abundance of the bacterial community in kôso during fermentation are shown in Fig. 3 . In Batch A, Firmicutes accounted for 43.8% of the total bacterial composition in the zero-day fermentation, while Proteobacteria accounted for 48.6%. The population of Proteobacteria was double that of the Firmicutes in Batch B. In the 3-, 7-, and 10-day fermentations of both batches, the Firmicutes increased, eventually accounting for near or over 95%, while the Proteobacteria fell drastically to less than 1% of the bacterial community.
The Bacteroidetes accounted for around 3% in both the zero-day fermentations but were undetectable thereafter. The Actinobacteria accounted for around 3, 5, and 2%, respectively, in the 0-, 7-, and 10-day fermentations of Batch A, whereas they were found to be only 1 and 0.5%, respectively, in the 0-and 7-day fermentations of Batch B. The Spirochaetes, the Deinococcus-Thermus-and the Chloroflexi were found to be very minor species that were detected only in the zero-day fermentations. Only one read of Deinococcus-Thermus and the Chloroflexi was detected in Batch A and B, respectively, while only one read of the Spirochaetes was detected in both batches.
These results reveal that the Phylum composition in the two batches changed dramatically, within the first three days of fermentation, to a less diverse community. Thereafter, few changes were seen after 3, 7, and 10 fermentation days. Fig. 4 shows changes in the relative abundance of the genus composition of the community in kôso during fermentation. There were 78 genera identified from the eight samples with an identity of ≥94%. The communities in the two 0-day fermentations each consisted of 55 genera, with 35 genera being the same as each other. Meanwhile, the communities of the 3, 7, and 10-day fermentations consisted of 6-11 genera, in which Lactobacillus, Leuconostoc, and Weissella were seen in both batches.
Analysis of genus-level composition
Lactococcus was the most abundant genus belonging to the Firmicutes in the community of both 0-day fermentations, but numbers of this genus sharply decreased in the 3-, 7-, and 10-day fermentations. The Proteobacteria phylum in the communities of the zeroday fermentations was mainly composed of Pseudomonas, Enterobacter, and Pantoea. Three genera belonging to the Proteobacteria phylum and the Lactococcus genus were mostly replaced by Lactobacillus and Leuconostoc genera in the fermentations from 0 to 3 days. The relative abundance of Leuconostoc decreased and that of Lactobacillus increased in the communities of the 7-day fermentations as compared with the 3-day fermentation, after which the communities of both batches showed little contrast with the 10-day communities. 
Analysis of species composition
Among 224 OTUs generated from the clustering, 142 species were accurately assigned to identify species with ≥96% identity by a BLAST search of public databases. Based on the number of reads, the top 50 species were used to construct a phylogenetic tree, annotated using a heatmap. As shown in Fig. 5 , the community structures in the two batches were similar during fermentation. The three species assigned to the disease-associated species group: Pseudomonas fluorescens,
22)
Enterobacter cloacae, 23) and Pantoea vagans, 24) detected in the zero-day fermentation, vanished during the fermentation process. Leuconostoc citreum-like and Lactobacillus sakei-like species greatly proliferated in the first three days, but their relative abundance decreased thereafter. The species closest to the potential probiotic bacterium Bifidobacterium pseudolongum was tentatively detected only in the seven-day fermentation of Batch A. 25) Eight species with less than 96% identity were designated as Undefined 1-8. The species Undefined 2, 3, and 5 revealed no similar species with an identity over 90%, and Undefined 4, 6, 7, and 8 were similar to Lactobacillus sakei, with an identity of between 90.7 and 95.9%. However, the analysis based on the phylogenetic tree suggested Undefined 7 to be close to Lactobacillus plantarum. It was noted that Undefined 1, which was close to Lactobacillus kunkeei, with 94.7% identity, was the most abundant (relative abundance of over 50%) in the communities of the 7-and 10-day fermentations in both batches. Use of the Ribosomal Database Project showed the sequence with the highest identity of 97.9% to Undefined 1 to be matched to what appears to be an uncultured bacterium from bees.
PCoA of bacterial community
The degree of similarity of the bacterial community structure was evaluated by UniFrac distance analysis. The results, illustrated by PCoA, are shown in Fig. 6 . The two coordinates (PCo 1 and PCo 2) explained 95.3% of the variation among the samples. The communities of zero-and three-day fermentations in Batch A and B showed a high similarity to each other. On the other hand, the communities of the 0-and 3-day fermentations in each batch differed significantly from one to another, whereas the 7-day communities were close to the 10-day communities. Additionally, the communities in the 7-and 10-day fermentations of Batch B overlapped each other (black circles in Fig. 6 ), indicating that both communities had a very similar community structure: this was in agreement with the high similarity between them at the genus level (Fig. 4) . Moreover, the additional samples from the 45-and 92-day fermentations revealed positions close to those of the 7-and 10-day ones, indicating that the community structure of kôso is likely to remain in a stable state, at least from one week to three months. Note: The fermentation times of both batches A and B were 0, 3, 7, and 10 days.
Discussion
In this study, fermentation with a total weight of 1.7 tons was carried out in two batches, and the reproducibility of change in the bacterial composition during fermentation was experimentally validated. LAB propagated rapidly, even under the high osmotic pressures induced by high concentrations of sugar (approximately 50% by weight), and the pH fell from 5.5 to 4.0 within 7 days (Fig. 1) . The end pH of kôso is similar to that of sauerkraut and kimchi, which are fermented with salt added, and which have pH values of 3.5-3.8 and 4.0-4.5, respectively. 13, 26) However, the fermentation of kôso appears to be slower than that of vegetable mixtures fermented without added salt and sugar. The pH decrease (approximately 1.5) was achieved after 7 days of kôso fermentation, but took only one day with non-additive fermentation. 13) In some lactic acid fermented vegetable juices, the rapid decrease in pH and the bacteriocins produced by the starter cultures appear to be important factors in both quality control and arrival at the end product. 27) Nevertheless, the high osmotic pressure is likely to be another factor in the reproducibility of the fermentation, since it is likely to greatly influence the growth of micro-organisms. 28) Leuconostoc and Lactobacillus became the predominant groups in the bacterial community and accounted for approximately 96% of the total bacterial population within three days. The changes in the bacterial community in kôso appear to be faster than that in kimchi, in which the predominant groups consist of Leuconostoc, Lactobacillus, and Weissella, reaching approximately 80% of the total bacterial population after 23 days. 29 ) Fig. 5 . Changes in the relative abundance of the 50 species in kôso communities during 10-day fermentation.
Notes: The top 50 species were used for construction of a phylogenetic tree annotated using a heatmap, based on the relative abundance estimated from the read numbers. Species with identities of less than 96% to known species were designated as Undefined.
The Lactobacillus species Undefined 1 accounted for over 50% of the total bacterial population after seven days (Fig. 5) . A similar change in bacterial composition is also observed in spontaneously fermenting nukadoko (rice bran pickle starter), and in which Lactobacillus namurensis is the most abundant species after 12 days.
2) Undefined 1, Lactobacillus sakei, and Leuconostoc citreum appeared to play an important role in the fermentation of kôso due to their large populations (Fig. 7) . The populations of Lactobacillus sakei and Leuconostoc citreum increased much faster than did that of Undefined 1 in the first three days, but declined thereafter. In the 7-and 10-day fermentations, a complementary relationship was observed between the populations of Undefined 1 and Lactobacillus sakei. The dominant species, Undefined 1, accounted for 53.6 and 81.3% in the fermentations of Batch A and B, respectively. Undefined 1 was therefore concluded to be crucial for quality control of kôso, requiring it to be isolated and cultured to undergo further studies. To isolate Undefined 1, in addition to MRS, several agar media comprising the materials listed in Table 1 , raw kôso liquid, or whole raw fruits such as apple or kiwifruit were used. However, Undefined 1 appears to be a difficult-to-culture species and as yet has not been isolated. Further investigations to isolate it will be needed.
To our knowledge, this is the first analysis of bacterial communities in kôso by NGS, and the results were markedly different from those analyzed using culture methods. 21) The information based on this study is important not only to fermentation control but will no doubt be useful in further studies on the utilization of difficult-to-culture species present in kôso. 
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